The major problem encountered when ventilating small animals situated within the magnet of a nuclear resonance (NMR) machine is that most ventilators suitable for use in animals (and man) contain ferromagnetic components, and cannot be placed close to the magnet. If the ventilator is situated at some distance from the animal, long connecting tubes must be used. These result in an increase in the volume of gas compressed and an unacceptable variation in delivered tidal volume when there are changes in total thoracic compliance or airway resistance. A reduction in the compressed gas volume can be achieved by decreasing the diameter of the tubes but, since this increases the resistance to expiratory gas flow, lung volume is increased and cardiac output decreased. To overcome these problems, we have designed a breathing system which permits the ventilator to be situated at a distance of several metres from the animal, but has minimal compressed gas volume and negligible expiratory flow resistance. The system is suitable for the ventilation of small animals, such as rats and rabbits, and would also prove useful when it is necessary to ventilate the animal in a hazardous environment, for example, during exposure to x-rays.
MATERIALS AND METHODS

Description
The ventilator is essentially a T-piece occluder with minimal internal compliance ( fig. 1) this system, tidal volume is governed by the frequency of ventilation, duration of inspiration, and fresh gas flow. Fresh gases are supplied from a standard anaesthetic machine rotameter block at a pressure of 400 kPa and transmitted to the Y-connector and tracheal tube through 6 m of rigid polyethylene tubing with an internal diameter of 3 mm (Automatic Valve Systems Ltd, Market Bosworth, Nuneaton). The expiratory limb of the Y-connector is connected directly to tie expiratory valve assembly with a short length of wide-bore tubing. Gases are then ducted from the expiratory port to an active or passive anti-pollution gas scavenging system. The expiratory valve consists of the diaphragm assembly ("mushroom" valve) from the Bennett PR-2 Ventilator (part no. 2649, Puritan Bennett International Corp., Chichester, West Sussex) mounted in a plastic casing ( fig. 2) . The resting state of the valve is in the expiratory (deflated) position, and it is inflated during the inspiratory phase by gas from a separate low pressure source. The pressure of this gas is adjusted by a Norgren model R.O.6 regulator (I.M.I. Norgren, Shipston on Stour, Warwickshire), to a value which maintains occlusion of the expiratory valve up to the peak inspiratory pressure desired, but allows leak past the valve at higher values ( fig. 3) . Thus the expiratory valve also acts as a safety blow-off. For additional safety, an Oxford Ventilator pressure relief valve (Penlon Ltd, Radley Road, Abingdon, Oxfordshire) is incorporated to the driving gas line. The duration of valve occlusion is controlled by an electronic circuit, which actuates a solenoid valve (Sirai 1,6-mm bore 3-way solenoid valve, normally closed; Alpha Controls Ltd, The Ridgeway Estate, Iver, Buckinghamshire). Since the balloon requires only 1 or 2 ml for occlusive inflation (depending on the airway pressure), the tubing connecting the balloon and solenoid valve can be of 3-mm bore, and at least 6 m in length, without appreciably delaying balloon emptying at the onset of expiration.
Performance tests
The characteristics of this ventilator predicted from the design are that it should function as a time-cycled constant flow generator. Thus tidal volume should be governed by the fresh-gas flow rate and the duration of inspiration, as long as the peak airway pressure does not exceed the blow-off pressure of the expiratory valve. In order to ensure that these characteristics were not modified by the compression of gases within the breathing system, or by a high resistance to gas flow, we performed two studies to define the performance which would be expected when the system was used with small animals such as rats or rabbits.
Internal compliance of the ventilator. To verify that the internal compliance of the circuit was small, the tidal volume was measured with normal and increased airway resistances. The complete circuit as illustrated in figure 1 was attached to a model lung (compliance 3 ml/cm H,O) via a 3.5-mm i.d. plastic tracheal tube. A variable orifice resistance situated between the Y-connector and the tracheal tube was used to increase airway pressure. The airway pressure and the "lung" pressure (inside the model compliance) were recorded using Statham pressure transducers, and flow was recorded with a Fleisch pneumotachograph and Validyne transducer placed distal to the resistance but proximal to the tracheal tube. Three-millimetre i.d. non-compliant tubing 5 m in length was used for both the fresh gas and the driving gas lines, and the ventilator was set at 30 b.p.m. with an I: E ratio of 1:2, using a fresh gas flow of 2-5 litre min" 1 (the settings used for rabbits).
Resistance to expired gas flow. Continuous gas flows between 1 and 15 litre min" 1 were passed through the expiratory valve and the airway pressure on the patient side of the valve recorded with the Statham pressure transducer. Figure 4 illustrates that there was minimal decrease in delivered tidal volume, despite increases in airway pressure produced by increases in airway resistance. The expiratory valve was set to be occlusive up to pressures of 32 cm H,O and prevented further increases in airway pressure ( fig. 5) . Figure 6 illustrates characteristic waveforms observed at normal and increased airway resistance, at a fresh gas flow of 3 hire min"
RESULTS
Internal compliance
1 .
Resistance to expired gas flow
There was no change in airway pressure at flows between 1 and 15 litre min" 1 , indicating no detectable resistance to expired gas flow.
DISCUSSION
The major disadvantage of a T-piece system is that, with an I: E ratio of 1:2, only one-third of the fresh gas flow is used to ventilate the lungs. It is, therefore, uneconomical to use such a ventilator with large animals. At high fresh-gas flows, the Y-connector should be replaced by a T-connector, since the kinetic energy of the fresh gas flow passing through the inspiratory limb of the Y-piece opposes expiratory gas flow from the tracheal tube and so creates a positive end-expiratory pressure which increases lung volume and decreases cardiac output.
With these limitations, the ventilator has proved to be easy to use, reliable and simple to understand. Construction of the valve housing and the electrical circuitry (circuit diagram available from L. Gale) which controls its function is relatively simple. The apparatus described has been in use for several months to ventilate rabbits and rats with halothane in air or oxygen, and there has been no sign of deterioration in the mushroom valve. Tests have also shown that the presence of the plastic valve and tubing does not affect the quality of the results obtained with the NMR machine. The provision of a low internal compliance, low resistance system with adjustable pressure limit has eliminated all the major problems associated with the ventilation of small animals in such situations, and a similar system could be used in many other experimental situations where it is convenient to separate the animal from the main ventilator mechanism. 
